INTRODUCTION
Cream soaps are advertised as premium facial cleansers in the personal care market. Cream soaps can be easily formulated to include additional moisturizing components or additives to improve the foaming functions and texture of the soap, thus producing a premium product. It has been previously reported in various patents that cream soaps are fundamentally composed of fatty acid potassium soaps, fatty acids, water and glycerol 1 4 . Cream in cosmetics typically refers to an emulsion of products exhibiting a semi-solid texture that is formed upon cooling the emulsion formulations below the melting point T c of amphiphilic components, or it is a dispersion of oil or water particles within a gel network composed of polymers. Cream soaps have a similar appearance and rheological properties as the cream emulsions mentioned above. However, cream soaps do not include oils which are essential components of conventional emulsions. Therefore, cream soaps are considered to have a different structure than cream emulsions.
Cream soaps not only possess foaming and cleansing properties but also exhibit i stability at storage temperatures, ii safety, iii constant viscosity for at least 3 y, iv a smooth texture and v a glossy appearance. When the above conditions are considered in the formulation, the preparation of cream soaps becomes often challenging for cosmetic formulation scientists. Cream soaps often exhibit undesirable characteristics such as changes in viscosity, phase separations and the appearance of solid particles upon long term storage. To avoid these challenges, we elucidated the structural state and stability mechanisms of cream soaps. We also investigated the cleansing mechanism of cream soap during the washing process using phase behavior diagrams.
Previous investigations have been carried out to determine the phase diagrams and confirm the existence of acid soaps within ternary system comprising fatty acid-fatty acid alkali salt-water. McBain elucidated the phase diagrams of the ternary system comprising potassium lauratelauric acid-water at 100 and potassium oleate-oleic acidwater at 25 5, 6 . He also confirmed the existence of 1:1 acid soap complexes within the binary systems of potassium laurate-lauric acid and potassium oleate-oleic acid 7, 8 .
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Key words: cream soaps, potassium acid soaps, non-equilibrium behavior diagram, SAXS, lamellar gel phase tanoate/octanoic acid, whereas only 1:1 potassium octanoate/octanoic acid exists in the potassium salt systems. Goddard reported that equimolar compounds are formed in a system containing potassium soap-fatty acid 11 . Skoda confirmed the existence of 5:1, 5:2, 3:2, 1:1 and 2:3 sodium stearate/stearic acid in the binary system of sodium stearate-stearic acid 12 , while Zhu reported the phase diagram of triethanolamine stearate-stearic acid and confirmed the existence of only one acid soap complex at a 1:2 ratio 13, 14 .
These studies regarding equilibrium phase diagrams have been primarily carried out above T c . However, it is important to study the non-equilibrium behavior below T c to understand the stability mechanism of cream soaps. Hamilton investigated the phase diagram of the binary 1:1 potassium hydrogen oleate-water and the phase structure of the mesophases by using X-ray diffractometry both above and below T c 15 . Kralchevsky also confirmed the coexistence of a micellar aqueous solution and 1:1 acid soap crystals below T c in the potassium myristate-water system through conductivity and surface tension measurements 16, 17 .
The combined consideration of the non-equilibrium behavior below T c and the structural investigation of the fatty acid soaps-fatty acid-water-glycerol system has not yet been reported. This investigation intends to not only elucidate the stability mechanism of the cream soaps but to also provide practical formulating information towards stable cream soaps using macroscopic non-equilibrium behavior and microscopic small angle X-ray scattering SAXS and wide angle X-ray scattering WAXS investigations.
EXPERIMENTAL

Materials
Myristic acid HC 14 , purity: 98 and glycerol purity: 99. 8 used in this investigation were obtained from Emery Oleochemicals, Singapore. Potassium hydroxide KOH, purity: 85.0 was obtained from Wako, Tokyo, and used for the neutralization of the fatty acids. Water was deionized using an Organo FW-10 system. Potassium myristate KC 14 and potassium hydrogen myristate used for the X-ray diffraction experiments were prepared by dissolving mixtures containing stoichiometric amounts of HC 14 and KOH in ethanol at elevated temperatures. After evaporation of the solvent, the precipitate was dried until weight was constant.
Preparation of cream soaps
HC 14 was melted at 80 , and corresponding amounts of 42.5 wt KOH aqueous solution was added to the HC 14 while stirring. Acid soaps possessing different neutralization ratios were prepared by altering the amount of KOH aqueous solution added to the reaction mixture. Acid soap concentrates were then diluted with a corresponding amount of glycerol aqueous solutions at 80 . The mixtures were cooled to below 30 while stirring, and subsequently stored in a glass screw-cap bottle at room temperature 20 .
2.3 Phase diagrams and non-equilibrium behavior diagrams The non-equilibrium behavior diagrams of the system comprising of KC 14 -HC 14 -glycerol aqueous solutions were constructed by observing the phase separation of the mixtures after one month of storage at 20 . The phase diagrams at 60 and 80 were prepared by observing the solution behavior after one-day 16-20 h of storage. The area of the cream state was defined as a semisolid formulation without fluidity and with a viscosity that allowed it to be easily spread on glass plate. The type of the liquid crystalline phase was confirmed from the morphology observations using polarized microscopy while controlling the temperature.
X-ray diffraction
A PANalytical X Pert PRO MPD system with small and wide angle X-ray diffractometers was used to analyze the structural state of the cream soaps at 25 , 45 kV and 40 mA using Cu Kα.
RESULTS
Phase diagram and non-equilibrium behavior dia-
gram of the KC 14 -HC 14 -glycerol aqueous solution system To elucidate the stability mechanism of cream soaps, it is useful to understand the phase diagram under equilibrium. However, it is difficult to construct phase diagrams under equilibrium below T c . Therefore, non-equilibrium behavior diagrams were utilized in this study. HC 14 and KC 14 were selected as representatives of cream soaps although potassium salts of lauric, myristic, palmitic and stearic acids are commonly used in various products currently on the market. Because various physico-chemical properties such as product stability, foaming ability and viscosity of the cream soaps are significantly affected by the neutralization ratio of the fatty acids, the behavior of the pseudo ternary HC 14 -KC 14 -glycerol aqueous solution system was investigated at 20 and is displayed in the non-equilibrium behavior diagram Fig. 1 . A stable cream region after one month of storage is denoted by the slashed lines in Fig. 1 . The stable cream region was expanded into the aqueous solution peak when the neutralization ratio of HC 14 was 40 mol . * The mixtures of fatty acid potassium soaps and fatty acids are referred to as acid soaps in this paper.
Stability Conditions and Mechanism of Cream Soaps: Role of Glycerol
When the neutralization range was greater than 50 mol , an isotropic aqueous solution separated from the cream phase lower portion of Fig. 1 . When the neutralization range was less than 20 mol , a binary region consisting of solid acid soap and an aqueous phase was observed upper left portion of Fig. 1 . The concentration of the surfactants was also important in the formation cream soaps. The optimum concentration of surfactants for forming cream soaps shifted to a higher range upon the neutralization of acid soaps.
In practical cream soaps, the texture often changes from a cream to a solid and/or an aqueous phase separates from the cream phase upon cycling through high and low temperature storage. To understand the stability of the cream at high temperatures, cream soaps were reheated to 80 and then allowed to cool to 20 without stirring. These samples were stored for more than one month at 20 , and the stability was subsequently evaluated again. The stable cream region after this temperature cycle is denoted by the back-slashed lines. Some creams in the originally stable cream region were converted to the solid state when the concentration of the surfactant was high. Phase separation of the aqueous solution was also observed in the high neutralization region. Additionally, the foaming ability is an important characteristic in practical cream soaps. It was determined that the foaming ability was excellent within the neutralization range of 55-100 mol . The stable cream region expanded to the aqueous solution peak when the neutralization was 40 mol . This neutralization ratio is too low for foaming to occur. When these factors are incorporated into the product formulation, the area yielding stable cream soaps becomes much narrower.
To understand the stability of cream soaps at high temperature, the phase diagram of the KC 14 -HC 14 -glycerol aqueous solution was studied at 60 and is shown in Fig.  2 .
An anisotropic single phase region observed under polarized light exists in the center of this diagram and expands toward the aqueous peak when the neutralization is 40 mol . This anisotropic phase was confirmed as a lamellar liquid crystalline LLC phase from the morphology observations using polarized microscopy. When the neutralization of HC 14 exceeded 50 mol , a micellar aqueous phase W m separated from the LLC phase. This binary phase region changed to the W m single phase with further neutralization. The aqueous micellar solution converted to the hexagonal liquid crystalline HLC phase when the concentration of acid soap was high. The non-equilibrium behavior at 20 and the phase diagram at 60 exhibited similar phase behavior, i.e., the single phase region corresponding to the LLC Fig. 2 and the cream region Fig. 1 appeared at the same neutralization range, while the binary phase region consisting of LLC W m or Cream W m appeared when the neutralization range was higher than 60 mol lower portion of Fig. 1 and Fig. 2 .
Effect of glycerol
The presence of glycerol is essential for producing stable cream soaps in practical products. To fully understand the importance of glycerol, the non-equilibrium behavior of the system consisting of potassium acid soap-glycerol-water was observed and shown in Fig. 3 . The stability region of the cream soap after one month of storage is denoted by the slashed lines. There is no stable cream region on the axis connecting the acid soap peak and the water peak. The stable cream region appeared upon the addition of glycerol and expanded to the area corresponding to a low concentration of surfactant and a high concentration of glycerol. Sherbet like cream was formed in this particular area. Figure 4 displays the appearance of point A and B from Fig. 3 . The compositions of the samples shown in Fig.  4 An aqueous phase separated from the cream phase when glycerol was absent from the aqueous solution, whereas the cream phase was stable when glycerol was added to the aqueous solution point B .
Upon cycling the temperature between 20 and 80 , some stable creams changed from cream to solid when the surfactant concentration was high. Moreover, phase separation of the aqueous solution was observed in the area when the concentration of glycerol was high and that of acid soap was low.
A phase behavior diagram of the system to described Fig. 3 was studied at 60 and is displayed in Fig. 5 . Two single phase regions corresponding to the LLC and gel appeared in this diagram. The stable cream region in Fig. 3 corresponds to the LLC and the gel phase region at 60 . It was confirmed in the previously described experiment that the stable cream region of Fig. 1 converted to the LLC single phase of Fig. 2 when the cream was heated above T c . However, based on the results of Fig. 3 and Fig. 5 , it was not necessary to have a LLC single phase at high temperature. For example, the formulation containing LLC at 60 did not produce a stable cream when the glycerol concentration was low. The sherbet like cream corresponding to the high glycerol and low surfactant concentrations was stable at 60 , but was unstable at 80 .
X-ray diffraction
The long spacing d of cream soaps comprised of 60 wt potassium acid soaps and 40 wt glycerol aqueous solutions was measured by SAXS at 25 Fig. 6 . The neutralization of the acid soap was fixed at 0.55 mol KC 14 and 0.45 mol HC 14 , while the glycerol concentration of the aqueous solution was varied from 0 to 100 wt to understand the structural effects of glycerol. The SAXS profile of the sample without glycerol in the aqueous phase showed first, second, and third order peaks at 2θ 2.207 peak A , 4.405, and 6.604, respectively. These 2θ values indicated a lamellar reflection of 1:1/2:1/3. Upon increasing the glycerol concentration in the aqueous phase, the first order sharp peak at 2θ 2.2 decreased, while a new broad peak in the range of 2θ 1.54-1.80 peak B appeared. When the glycerol concentration in the aqueous solution reached 80 wt , the peak A was barely observable, while the broad peak B at 2θ 1.75 was clearly observed. The reflections from the chain packing lattices subcells are referred to as fingerprint reflections 18 . It has been previously reported that the short spacing information corresponding to the sub-cells appeared in the range of θ 19-25 19 . The WAXS profiles of the potassium acid soap-water and potassium acid soap-glycerol aqueous solution are shown in Fig. 7 . Two strong fingerprint reflections were observed at 2θ 20.681 and 21.618 of the sample containing KC 14 HC 14 0.55:0.45 in water. The positions of these two peaks were nearly the same for all aqueous solutions containing glycerol.
DISCUSSION
4.1 Effect of the neutralization ratio of acid soaps on stabilizing the cream soaps When the non-equilibrium behavior diagram of Fig. 1 is superimposed onto Fig. 2 , it is evident that the stable cream area slashed line in Fig. 1 exists in the hydrophilic portion of the LLC, the hydrophobic portion of LLC W m and the HLC regions of Fig. 2 . The structure of the cream was therefore believed to contain a liquid crystalline gel because the stable cream region and liquid crystalline region were formed using the same components; in addition, the transition between the cream and the LLC were reversible both above and below the T c . When the formulations produced a stable cream at 20 and a binary system of LLC W m at 60 , the stable cream was not formed after the temperature was cycled between 20 and 80 , which also caused some cream soaps to be unstable at elevated storage temperatures. HLC was formed instead of W m when the concentration of acid soaps was high Fig. 2 . The HLC phase converted into a highly viscous gel or a solid when the system was cooled below T c . Therefore, formulations containing a HLC single phase above T c may be rheologically unsuitable for practical cream soaps.
We then examined the foaming ability of cream soaps at varying neutralization ratios. Because the HLB region that produces single LLC phase at low surfactant concentrations is the most balanced HLB, it was difficult to form bubbles upon the addition of water. Acid soaps formulated at a higher neutralization range than the HLB were able to form bubbles. In Fig. 1 , the neutralization range that produced foam is denoted by a solid bar along the axis of KC 14 and HC 14 . The HLB range yielding stable creams and adequate foaming ability was not wide enough to satisfy both conditions. The useful region for the formation of stable cream soaps would likely utilize the hydrophilic portion of the LLC single phase region.
Effect of the addition of glycerol
It has been previously reported that wide area of the LLC phase appeared in the fatty acid-fatty acid potassium salt-water systems 5, 6, 9 10 . Phase transition phenomena in potassium stearate-water-polyol systems have been previously studied by Tomomasa et al. They confirmed that for polyols including glycerol , the transition temperature for the gel-isotropic solution or liquid crystal T c had a minimum as the polyol concentration increased 20 . The phase diagrams of the acid soap-water systems below T c , however, have not been systematically investigated because of the difficulty in obtaining measurements at the equilibrium state. In the area corresponding to a low glycerol concentration point A in Fig. 3 , the upper phase is an isotropic aqueous solution and the lower phase is a solid crystal of acid soap. This isotropic aqueous solution was referred to as a micellar solution. Kralchevsky reported the coexistence of micelles and acid soap crystallites in a KC 14 aqueous solution below T c , while no micelles formed in sodium myristate aqueous solution 17 . The solid crystal is believed to be composed that 1:1 acid soap because the 21 and Goddard 11 . Hamilton also confirmed that the SAXS for hydrated 1:1 potassium oleate/oleic acid was identical when using powder diffraction patterns for the corresponding anhydrous 1:1 acid crystals 22 . A stable cream soap was not formed in the binary system of acid soap-water. As the glycerol concentration increased Fig.  3 , the volume of phase separation decreased. This phenomenon indicate that anhydrous 1:1 acid soaps probably converted to hydrated acid soaps upon the addition of the glycerol aqueous solution.
Structure of cream soaps
Although the continuous phase of the potassium acid soap-water system often corresponded to W m , it converted to the lamellar gel phase upon the addition of glycerol, because peak A decreased and peak B increased as the glycerol concentration in the ternary system of acid soapwater-glycerol increased Fig. 6 . The long spacing of peak A d 4.00 nm was same as that of anhydrous KC 14 HC 14 0.5:0.5 Table 1 . If the continuous phase forms a lamellar gel having a liquid state from the aqueous layer between the polar headgroups, the d value of the gel phase will increase with the concentration of the aqueous phase. The d value of peak B was measured with respect to the aqueous solution content to improve this hypothesis, and the results are shown in Fig. 8 . The abscissa and ordinate indicate d and C w /C a , respectively. C w denotes the weight fraction of the glycerol aqueous solution per system, while C a denotes the weight fraction of acid soap per system. The d value linearly increased from 5.2 to 6.8 nm as C w /C a increased. This result confirms that the glycerol aqueous solution penetrated into the interlayer between the polar head groups of the acid soaps, and the hydrated acid soap gel exhibiting the lamellar structure was subsequently formed. Because the continuous phase of cream soaps possessed a lamellar structure comprising a solid hydrocarbon chain and an intermediate aqueous layer, the lamellar gel might be the same α-gel that appeared in the monoglyceride-water systems 23 . The SAXS data of cream soaps also indicate the coexistence of the lamellar gel phase and the anhydrate acid soap Fig. 6 . Consequently, the structure of the stable cream soap was a dispersion of 1:1 acid soap in the lamellar gel phase. The existence of glycerol in the aqueous solution decreased the interaction between the potassium ions and polar head groups of the acid soaps because of the large mutual solubility of glycerol and potassium acid soaps. Because the glycerol aqueous solution aggregated in the interlayer of the head groups in acid soaps, all anhydrate acid soap converted to the lamellar gel phase at high glycerol concentration. Consequently, the dispersion phase of cream soaps disappeared and the network structure of the lamellar gel formed. This lamellar gel network corresponded to the sherbet like cream described in section 3. 
Phase behavior change during the cleansing process
The first step of cleansing process by cream soaps is the formation of lather with water by hand, and this foaming process is important for the gentle washing of the skin surface. The foam can roll up dirt and excess fat from skin, and is subsequently washed away with flowing water. Acid soap yielding the LLC phase cannot typically produce foam with water because of the hydrophobicity of HLB. However, the continuous phase converts from the lamellar gel to W m because of the reduced glycerol concentration, and suspensions of anhydrous acid soaps are then formed. This suspension solution is referred to as colloidal soaps. The analytical data of the suspension upon the dilution of the cream soap indicate that the precipitation portion is composed of 1:1 potassium acid soaps 24 .
CONCLUSION
It was believed that the structure of stable cream soap would be a dispersion of 1:1 acid soap in the lamellar gel phase. We subsequently confirm that the glycerol aqueous solution penetrates the interlayer of acid soap and forms lamellar gel structure in the continuous phase.
The key factors to forming stable cream soaps have been elucidated as follows: i acid soaps should be used instead of soaps that form a lamellar gel phase. ii glycerol should be present in the aqueous phase to form the lamellar gel phase.
Cosmetic formulation scientists therefore have to consider practical conditions such as foaming ability, viscosity, and the appearance of the soap. Practically suitable compositions for stable cream soaps should correspond to compositions within the LLC single phase region close to the LLC W m region. The continuous phase changes from the lamellar gel to the W m upon the addition of water during the foaming and washing process. This phase change is important for the removal of color cosmetics or excess fats from the skin surface during the cleansing process.
